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Quantum proton tunneling (QPT) in two representative multi-electron/-proton transfer electrode 
processes, i.e. hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR), was 
investigated using polycrystalline platinum (pcPt) and gold (pcAu) electrodes at 298 kelvin (K). 
To observe quantum effects in the electrode processes, the hydrogen/deuterium kinetic isotope 
effect constant ratio (≡ KH/D) was measured in various conditions. For the HER in both acidic 
and alkaline conditions, results show that the pcPt exhibits a negligible or weak QPT evident by 
the small value of KH/D (1 < KH/D < 3), which indicates that the semiclassical transition state theory 
(SC-TST) scheme dominates the rate-determining step (RDS). For pcAu in an alkaline condition, 
the KH/D was a small value of ca. 1 at a low η region around 0.2 V. However, at a high η region > 
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0.6 V, a high KH/D (> 13) was obtained. These results suggest a transition of the electrode process 
from SC-TST to a full QTP in the RDS on increasing the overpotential. For ORR with pcPt, KH/D 
higher than the theoretical maximum in SC-TST was observed in the alkaline condition at a low 
overpotential region. A primitive but robust theoretical analysis suggests that the QPT governs 
the rate-determining step of ORR in this condition. However, this full QPT path transits to the 
classical in a higher overpotential region. Therefore, contrary to the HER on pcAu in alkaline, the 
electrode process shows a transition from a full QPT to SC-TST on increasing the overpotential. 
No QPT in ORR on a pcPt electrode was observed in an acidic condition. This report describes 
that the QPT in surface electrochemical systems is strongly affected by the choice of system. 
Although several systems show a clear manifestation of QPT in the electrode processes and also 
primitive interpretations can be made of these observations, deriving a fine molecular-level 
picture of the results including several complicated effects remains challenging. However, the 
observations suggest that selection of a full QPT path might be affected strongly by different 
microscopic proton transfer mechanisms, i.e. proton transfer from hydronium ion or water 
molecules. 
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1. Introduction 
Tunneling phenomena constitute a traditional topic in quantum physics.1 They can be traced back 
to the Hund’s seminal report in 1927,2 which introduced an idea of barrier penetration in the 
framework of quantum mechanics to explain the theory of molecular spectra. During efforts to 
build a theoretical interpretation of alpha decay, quantum tunneling theory was developed by 
numerous physicists. Quantum tunneling is also known as a part of chemical and biological 
systems.3-8 Furthermore, this effect has led to the invention of modern technologies for 
semiconductor devices and microscopy.9, 10 
 
In 1931, R. W. Gurney11 first applied quantum tunneling in electrode processes to explain electron 
transfer from an electrode to a proton in solution as a key step of kinetics in hydrogen evolution 
reactions. This view was modified in a much more realistic form by J. A. V. Butler,12 i.e. electron 
transfer via radiationless quantum tunneling to a proton to form an adsorbed hydrogen (H*) on 
an electrode surface. Further developments were made by many other researchers. In addition to 
electron tunneling, the formulation of quantum proton tunneling (QPT) in electrode processes 
was presented in the work of Bawn and Ogden.13 Later, detailed theoretical discussions were 
advanced by S. G. Christov and many other researchers.14-16 These earlier theories emphasized 
initial activation processes because of anharmonic oscillations and the quantum distribution of 
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vibrator levels of nuclei, such as the protons within water or the hydroxonium ion. This view is 
so-called “thermal excitation model (or bond-stretching model)”.15 However, other theories to 
describe QPT in electrode processes are based on a continuum electrostatic approach put forth by 
Libby and Weiss,17, 18 whose model was developed further to electrochemical formalisms based 
on the Marcus–Hush theory19-22 or on the Dogonadze–Kuznetsov–Levich theory.23-27 These 
pictures are classified as “medium(solvent)-reorganization model”, which is essentially different 
from the thermal excitation model.28 These two basic classes of proton transfer theories have 
inspired to develop different models such as the Anderson–Newns–Schmickler model29-31, or have 
developed to advanced models, for instance the Soudackov–Hammes–Schiffer model.32, 33 In 
addition, first-principle-based or path-integral molecular dynamics approaches34-39 t or a grand 
canonical ensemble based approach for electrochemical reaction rate computation40 to have been 
proposed to investigate QPT. In addition to theoretical contributions there are an enormous 
number of experimental efforts at observation and elucidation of QPT in electrode processes, as 
exemplified by works reported by electrochemistry experts such as Conway, Christov, or 
Krishtalik.28, 41-48 Therefore, many previous efforts have been undertaken as both experimental 
and theoretical works to unveil quantum effects in electrode processes. Nevertheless, it remains 
unclear in which system we can observe QPT in electrode processes and why QPT emerges. 
Furthermore, the theoretical framework for the microscopic mechanism of QPT in electrode 
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processes is still under development. This is the major reason to underscore the challenge to 
elucidating the mechanisms of electrode processes in general, which has a quite long research 
history extending back to Faraday’s era.49 Therefore, in contrast to other technologies, modern 
quantum principles are not often applied for electrochemistry-oriented energy conversion 
technology as the core mechanism and to improve the properties.50 
  
This report briefly presents an investigation of QPT in multi-electron/-proton transfer electrode 
processes with the present rudimentary understanding of the mechanism. As the model reactions, 
hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR) were studied using 
polycrystalline platinum (pcPt) and gold (pcAu) electrodes at 298 kelvin (K) in acidic and alkaline 
conditions. It will be presented that the QPT are visible in several systems. Possible mechanisms 
will be discussed. 
 
2. Present Understanding of Quantum Proton Tunneling in Electrode Processes 
As described above, interest in quantum tunneling in electrochemistry began to appear in the early 
20th century during the establishment of quantum mechanics. From this long history of 
investigation, one can find a wide spectrum of detailed reports on electrode processes using H-D 
exchange isotope effects to date.41, 43, 44, 48, 51-55 Furthermore, various theoretical models are 
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available. Nevertheless, QPT in electrode processes is still poorly understood because of several 
experimental challenges in electrochemical experiments. Unlike ordinary water systems,56 this 
made it challenging to carry out precise electrochemical analyses using deuterated water, which 
is necessary to study quantum effects in electrode processes. For example, the first report to 
present a comparison of cyclic voltammograms in fully deuterated and protonated systems was 
of a study by Yeager and co-workers in 1985.57 Some studies used tritiated water however it is far 
difficult to handle to use in highly clean electrochemical systems even compared to deuterated 
water because of its radioactive nature. Furthermore, as presented in Section 3, experimental 
procedures and analytical equations to observe and analyze QPT in electrode processes have only 
been established quite recently.58, 59 In actuality, very little is known about QPT in molecular-level 
electrode processes. Therefore, we should begin experimental studies of this topic from an 
embryonic stage. Moreover, the theoretical description of microscopic activation processes on the 
electrode surface remains unclear. Indeed, this point is the objective of this contribution to share 
and discuss the protocol and analytical equations to observe and analyze QPT in electrode process, 
and to develop its present understanding by integration with modern theories and experimentally 
obtained results from related subjects. 
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3. Experimental Methods and Analytical Equations 
3.1. Standard Electrochemical Methods 
Electrochemical measurements were conducted using an RRDE set-up (Dynamic Electrode HR-
301; Hokuto Denko Corp.) with an electrochemical analyzer (HZ-7000; Hokuto Denko Corp.) 
based on a custom-made three-compartment electrochemical glass cell at 298 K ± 1. The ring 
electrode was kept at 1.2 V vs. reversible hydrogen electrode (RHE) or reversible deuterium 
electrode (RDeE). We respectively denote potential with RHE scale and with RDeE scale as VRHE 
and VRDeE. The cell was first cleaned by boiling in a mixture of concentrated sulfuric acid 
overnight and then boiling in ordinary ultrapure water (MilliQ water, 18.3 MΩ cm; Millipore  
Merck Corp.) overnight. Before electrochemical measurements, the cells were washed with an 
ultrapure electrolyte several times. Then they were filled with the ultrapure electrolyte for 
measurements. The electrolytes in the cell were bubbled respectively with O2 (purity > 99.999%; 
Taiyo Nippon Sanso Corp.) or Ar (purity > 99.99995%; Taiyo Nippon Sanso Corp.) for 30 min 
before the experiments to prepare the O2-saturated condition or Ar-saturated condition. Resistance 
of electrochemical systems was measured before each experiment using impedance 
measurements. This value was used to correct iR-drop. As described herein, all potential values 
are iR-corrected. For the preparation of ultrapure electrolytes with ordinary water, high-purity 
KOH (semiconductor grade, 99.99% trace metals basis; Sigma-Aldrich Corp.) or H2SO4 (96%, 
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Ultrapur.; Merck and Co. Ltd.) was mixed with ultrapure water (Milli-Q water, 18.3 MΩ cm; 
Millipore, Merck Corp.). Electrolytes based on the deuterated oxide were prepared by mixing 
potassium deuteroxide solution (40 wt. % KOD in D2O; Cambridge Isotope Laboratories Inc.) or 
sulfuric acid-d2 solution 96–98 wt. % in D2O (99.5 at. % D, Sigma-Aldrich Corp.) with high-
purity deuterated oxide (“100%” distilled D2O, Sigma-Aldrich Corp.) to obtain ultrapure 0.1M 
KOD or 0.05M D2SO4 in D2O. To prepare the ultrapure deuterated electrolytes, the as-received 
“100%” D2O was purified based on the method explained earlier.59 These highly clean electrolytes 
are indispensable for the measurement of KIE. 
 
The three-electrode setup consists of a carbon counter electrode, a RHE or a RDeE as the 
reference electrode, and a 0.5 cm diameter commercial fixed polyAu or polyPt working electrode 
(Hokuto Denko Corp.). Therefore, the geometrical surface area of the electrodes is 0.196 cm2. 
Typically, we used a scan rate of 50 mV s-1 and a rotation rate of 1600 rpm for ORR experiments, 
and a scan rate of 1 mV s-1 and a rotation rate of 2000 rpm for HER/ deuterium evolution reaction 
(DER). An electrochemically active surface area (ECSA) was measured using the typical method 
to use cyclic voltammogram (CV) to normalize obtained currents for reliable comparison.60 A 
charge of 220 μC cm-2 is assumed for a charge of full coverage of monolayer proton and deuteron 
on a smooth polyPt surface. In the case of polyAu, a value of 424 μC cm-2 is assumed as the 
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charge per unit area because of reduction of a monolayer of the surface oxide. 
 
3.2. Standard Analytical Equations to Study Kinetics of Electrode Processes 
The fundamental meanings of the key electrochemical parameters in this section are described in 
the Appendix 1. In Section 3.4., the list of electrochemical parameters is available. 
 
In this manuscript, we set two fundamental postulations: (1) there is Arrhenius’ law in 
overpotential (η) vs. common logarithm of kinetic current densities (log jk); and (2) there is only 
a single rate-determining step for multistep electrode processes. Because of these postulations, 
we yield following relation for multistep cathodic reactions, such as hydrogen evolution reaction 
and oxygen reduction reaction 
 
jk = j0exp(−
𝛼𝐹
𝑅𝑇
𝜂),                                                           Eq. 1 
 
where j0, α, F, R, T, and η respectively represent the exchange current density, the transfer 
coefficient, the Faraday’s constant, the gas constant, temperature, and overpotential. The 
overpotentials is defined as η = measuring potentials – the equilibrium potential of a reaction. The 
exchange current density is defined as a current density at η = 0. 
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We define Tafel slope (b) in η-log jk relations, which is obtained by modifying Eq 1 to the Tafel’s 
equation form 
 
𝜂 =  −𝑏 (log  𝑗k + log  𝑗0), 
𝑏 ≡  
2.303𝑅𝑇
𝛼𝐹
.                                                              Eq. 2 
 
Furthermore, the transfer coefficient analysis based on Eq. 3 is applicable to acquire introductory 
information related to multistep electrode processes,61 especially on rate-determining steps, where 
s, ν, β, and r respectively represent the transfer coefficient, the number of transferred electrons 
before the RDS, the stoichiometric number, the symmetric factor, and the number of transferred 
electrons in the RDS (usually r = 1).  
 
𝛼 =  
𝑠
𝜈
+  𝛽𝑟.        Eq. 3 
 
To use Eq. 3, as we mentioned already, we postulated that only a single RDS exists in each system. 
In fact, Eq. 3 assumes Tafel’s law,62 the absence of double-layer effects, and the low coverage of 
reactants/products on an electrode. 
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Coverage of proton or oxygen species on a surface is well known to affect the electrode kinetics. 
These terms are usually potential-dependent. In fact, they can be described as an exponential term 
together with β for rate expression, for instance, as 
 
−
1
𝑏
=  
𝐹
𝑅𝑇
(𝛽 +  
𝑅𝑇
𝐹
𝜕(ln𝜃H)
𝜕𝜂
), 
 
for HER,63 where b and θH respectively denote the Tafel slope and the proton coverage on the 
electrode surface. From this, we give the third postulation to apply to Eq. 3: major microscopic 
effects attributable to the adsorbed species and electrified surface, which affect electrode 
processes, can be incorporated in β: 
 
𝛽 =  𝛽′ + ∑ 𝑂(𝜂𝑥)𝑥= 1 . 
 
Term β’ represents a symmetry factor in the traditional definition, which is often assumed as 0.5. 
However, this value can be varied if one considers the microscopic effects such as anharmonicities 
of the H* bond vibration.64 The additional multicomponent term ΣO(ηx) represents complex 
interactions of adsorbed species, electrified surface, solvent, etc., which can be varied with a 
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selection of theoretical framework. Symmetry factor β has a central role in electrode kinetics. It 
is a fundamentally necessary entity to elucidate the microscopic mechanisms in both experimental 
and theoretical approaches. Therefore, because of the third postulation, it is challenging to obtain 
a detailed view on the microscopic mechanism. However, although it is a quite primitive approach 
and therefore we cannot directly identify major microscopic effects to emerge QPT, in this study, 
we specifically examine the observation of QPT and extract fingerprints of the main effects arising 
from quantum phenomena. This approach is expected to elucidate which theoretical frameworks 
can be applied to QPT in electrode processes, and then we would understand main reasons for 
quantum effects in a specific electrode process under these frameworks. Aiming to this objective, 
the simple framework described above is sufficient to pursue this study.  
 
The ORR kinetic currents on Pt electrode is separable from diffusion limiting current using the 
following equation because we can observe clear diffusion-limited currents as 
 
 𝑗𝑘 =
(𝑗𝑙𝑖𝑚∙𝑗)
(𝑗𝑙𝑖𝑚−𝑗)
,  
 
where j and jlim respectively represent the experimentally obtained current with the RRDE 
technique and a diffusion-limiting current. 
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The equilibrium potential for the D2O formation (E0D2O) is 1.262 VRDeE.57 Therefore, the 
overpotential for the ORR in a deuterated system (ηDORR) is obtainable by following the definition 
of overpotential: 
 
ηDORR (V) = an experimentally obtained potential (VRDeE) – 1.262 (VRDeE). 
 
The overpotential for the ORR in the ordinary system (ηHORR) is obtainable as 
 
ηHORR (V) = an experimentally obtained potential (VRHE) – 1.229 (VRHE). 
 
3.3. Analytical Equations to Obtain Kinetic Isotope Effect Rate Constant Ratio 
To investigate the kinetic isotope effect (KIE) for HER, a KIE rate constant ratio in HER (kH(η) 
/kD(η) ≡ KH/DHER(η)) is obtainable using 
 
KH/DHER(η) = 
𝑘H(𝜂)
𝑘D (𝜂)
 = 
𝑗0
H
𝑗0
D ×
[D+]
[H+]
× exp {
(𝛼D−𝛼H)𝐹𝜂
𝑅𝑇
},    Eq. 4 
 
where k0, [H+], [D+], and T respectively represent a rate constant at η = 0, proton concentration, 
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deuteron concentration, and an experimental temperature (298±1 K in this study). Detailed 
derivation of the equation is presented in the Appendix 2. Herein, we note that we must 
incorporate consideration of the different dissociation constant of D2O from that of H2O.54 This 
simple difference has been underestimated in several studies.52, 53, 65 Nevertheless, it is an 
extremely important quantity to analyze KIE in electrode processes, as shown in the following 
equations. For example, the 0.1M KOD in D2O solution gives [D+] = 10
−13.87 mol L−1. Therefore, 
the KH/DHER(η) for the case comparing the 0.1M KOH in H2O ([H+] = 10
−13 mol L−1) and 
0.1M KOD in D2O solutions is 
 
KH/DHER(η) = 0.1349 ×
𝑗0
H
𝑗0
D × exp {
(𝛼D−𝛼H)𝐹𝜂
𝑅𝑇
}. 
 
However, the KH/DHER(η) for the case comparing 0.05M H2SO4 in H2O ([H+] = 10
−1 mol L−1) and 
0.05M D2SO4 in D2O ([D+] = 10
−1 mol L−1) becomes 
 
KH/DHER(η) = 
𝑗0
H
𝑗0
D × exp {
(𝛼D−𝛼H)𝐹𝜂
𝑅𝑇
}, 
 
which is identical to the equation shown by Krishtalik as the general equation to obtain 
KH/DHER(η).65 
15 
 
 
A KIE rate constant ratio for ORR (KH/DORR(η)) is obtainable as 
 
KH/DORR (η) = 
𝑘H(𝜂)
𝑘D (𝜂)
 = 
𝑗0
H
𝑗0
D ×
𝐶0
D
𝐶0
H × exp {
(𝛼D−𝛼H)𝐹𝜂
𝑅𝑇
},    Eq. 5 
 
where C0 denotes the oxygen concentration. Also, C0D/C0H is known to be 1.101 at 298 K.52 
 
3.4. List of Parameters 
Meanings of key electrochemical parameters are available in Appendix 1. 
Transfer coefficient: α, Symmetry factor: β, Stoichiometric number: ν, Overpotential: η, The 
number of transferred electrons before the RDS: s, The number of transferred electrons in the 
RDS: r, Kinetic current density: jk, Exchange current density: j0, Limiting current density: jlim. 
 
4. Results and discussion 
4.1. Quantum Proton Tunneling in Hydrogen Evolution Electrode Process 
First, the HER activities and electrode processes of pcPt in 0.05M H2SO4 in H2O/0.05M D2SO4 
in D2O are discussed based on the diagrams of an overpotential (η) vs. common logarithm of the 
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iR-corrected kinetic HER current densities (log jk) (Figure 1a). We used current densities 
normalized by the electrochemically active surface areas (ECSA) of the electrocatalysts.60 To 
discuss the mechanism of HER in acid, we follow two well-accepted paths:63, 66 the primary 
discharge step (or so-called Volmer step, where * denotes adsorbed species or adsorption sites) is 
H3O+ + * + e− → H* + H2O,      (Step I) 
coupled with either the electrochemical-desorption step (Heyrovský step) 
H* + H3O+ + e− → H2 + H2O,      (Step II) 
or the recombination step (Tafel step) 
H* + H* → H2.        (Step III) 
 
The results showed that the Tafel slopes (b) are slightly different for the ordinary and deuterated 
systems, respectively showing −27.4 ± 0.2 mV/dec and −29.9 ± 0.4 mV/dec, which are in good 
agreement with earlier reports describing that b = ca. 30 mV/dec for HER on Pt in acidic 
conditions (Figure 1a).67, 68 A small difference of b in the deuterated and ordinary systems might 
be explained by the difference of H* and D* bond vibrations, which engenders different 
anharmonicities and therefore different symmetry factors, or other microscopic effects. From Eq. 
2, we obtain transfer coefficients (α) = ca. 2 for both ordinary and deuterated systems. With α and 
Eq. 3, one can obtain additional details on the rate-determining step (RDS) and KIE. When α = 2, 
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the possible combination of (s, ν, r) in Eq. 3 is (2, 1, 0) because of 0 < β < 1 and typically β = 0.5, 
which indicates that the possible RDS of HER on pcPt in 0.05M H2SO4 in H2O/0.05 M D2SO4 in 
D2O is Step III (the recombination of adsorbed protons (H*) /deuteron (D*) on the electrode 
surface), which shows good agreement with numerous earlier reports describing the HER activity 
of Pt in acidic conditions using ordinary water.63 
 
For the analysis of KIE, the pcPt electrode in the acidic condition shows KH/DHER(η) of about 2 in 
the overpotential range of −0.005 to −0.02 V, which corresponds to the linear region in 0.05M 
H2SO4 solution (Figure 1a). The criteria to identify a QPT path or a SC-TST path in this report 
are based on earlier discussions of theoretical situations for proton transfer with or without 
tunneling.69, 70 In the framework of Westheimer and Melander,69 the maximum KH/D without QPT 
is about 10. On the other hand, the Kiefer–Hynes (K-H) formalism suggests that the maximum 
KH/D without QPT is about 6 at 300 K.70 Therefore, in the case of KH/D > 10, we conclude that it is 
a full QPT path. As discussed already, b shows slightly different values in the deuterated and 
ordinary water systems. Therefore, this engenders αH ≠ αD for Eq. 4. In this case, a KIE in 
electrochemistry is readily apparent as a function of potential. This result suggests that a small 
difference between αH and αD can strongly affect KIE. As shown in Figure 1b, KH/DHER is 1.74 at 
η = −0.005 V and increases to 1.93 at η = −0.02 V, suggesting an 11% increase of KH/DHER with 
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0.015 V of an overpotential shift. However, although KH/DHER increases with the shift of 
overpotential, the small value of KH/DHER is explainable with the semiclassical transition-state 
theory (SC-TST) or no proton transfer in the RDS. Therefore, no QPT exists in this condition. 
 
 
 
Figure 1. (a) η vs. log jk diagrams and (b) KH/DHER vs. η diagram of the pcPt in 0.05 M H2SO4 in 
H2O/0.05 M D2SO4 in D2O. Kinetic current densities (jk) are normalized by ECSA (A cm−2ECSA). All 
data are corrected for ohmic drops (iR correction). Measurements were performed with a scan rate of 
1 mV s−1 and a rotation rate of 2000 rpm. Error bars are shown for every third data point. 
 
Next, the HER activities and electrode processes of pcPt in 0.1M KOH in H2O/0.1M KOD in D2O 
are discussed based on the η vs. log jk (Figure 2a). In alkaline conditions, water molecules become 
the proton source. 
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H2O + * + e− → H* + OH−       (Step I’) 
H* + H2O + e− → H2 + OH−      (Step II’) 
H* + H* → H2        (Step III) 
 
A clear line exists in both the ordinary and deuterated systems (Figure 2a). The Tafel slopes (b) 
are identical, respectively showing −69.2 ± 0.1 mV/dec and −69.1 ± 0.2 mV/dec. This result also 
agrees well with earlier reports that have described b in alkaline conditions of between 50 and 75 
mV/dec.71, 72 From Eq. 2, we obtain the transfer coefficient (α) = 0.86. When α = 0.86, the possible 
combinations of (s, ν, r) in Eq. 3 are (0, 2, 1) or (1, 1, 1), which gives α = β and α = 1 + β, 
respectively. We postulated that only a single RDS exists in the total process (section 3.2). In the 
case of α = β, the limiting step is Step I’, with β = 0.86. In contrast, in the case of α = 1 + β, the 
limiting step is Step II’, with β = 0.36. From earlier reports,63, 64 we can expect that Step I’ is quasi-
equilibrium. Therefore, Step II’ can be the possible RDS. 
 
To examine details of the electrode process in this system further, KIE was checked. The KIE of 
the pcPt electrode in the alkaline condition shows a hydrogen/deuterium kinetic isotopic rate 
constant ratio (KH/DHER(η)) close to 1. The b shows the identical value of −69 mV/dec in the 
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deuterated and ordinary systems. Therefore, we obtained potential independent KH/DHER because 
of αH = αD for Eq. 4 (Figure 2b). In the case of KH/D = 1, it is the sign for no involvement of proton 
transfer in the RDS. Therefore, combined with the discussion presented above based on Eq. 2, the 
RDS in this system can be an electron transfer process related to Step II’. Nevertheless, no QPT 
exists in this condition. Therefore, we do not discuss the detailed mechanisms of this condition 
further. 
 
 
Figure 2. (a) η vs. log jk diagrams and (b) KH/DHER vs. η diagram of the pcPt in 0.1M KOH in 
D2O/0.1M KOD in D2O. Kinetic current densities (jk) are normalized by ECSA (A cm−2ECSA). All 
data are corrected for ohmic drops (iR correction). Measurements were taken with a scan rate of 
1 mV s−1 and a rotation rate of 2000 rpm. Error bars are shown for every third data point. 
 
Next, we move to the system with a pcAu electrode. In Figure 3, the HER activities and electrode 
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processes of pcAu in 0.05M H2SO4 in H2O/0.05M D2SO4 in D2O are shown. In this condition, a 
clear line exists in both systems. The Tafel slopes (b) are identical, showing −82.2 ± 0.7 mV/dec 
and −81.8 ± 0.2 mV/dec, respectively, in 0.05M H2SO4 in H2O and 0.05M D2SO4 in D2O. From 
Eq. 2, we obtain the transfer coefficients (α) = 0.72, which give the possible combinations of (s, 
ν, r) in Eq. 3 as (0, 2, 1) or (1, 1, 1) leading respectively to α = β and α = 1 + β. In contrast to the 
Pt electrode, we observe negligible UPD-/OPD-H in the case of an Au electrode. Therefore, the 
quasi-equilibrium for Step I is not a reasonable assumption. The case of (s, ν, r) = (1, 1, 1), i.e. 
Step II as the RDS, is unlikely for this system, at least in a low η region. To consider the RDS in 
this system, we examine earlier reports,73 which used a first-principle-based calculation to 
consider the proton adsorption and HER on metal electrodes. These reports suggest that proton 
adsorption on the Au(111) surface is endergonic at the equilibrium potential (i.e. η = 0) for the 
HER. This result indicates that Step I determines the rate of the overall reaction as the potential-
determining step.54, 74 The KH/DHER(η) of this system is calculable to 3.0 ± 0.3 with no potential-
dependency because of αH = αD. Although detailed information related to H* bond length and the 
activation barrier height and width at the RDS are required even for a primitive estimation of a 
tunneling magnitude for an overall reaction, KH/D = 3 suggests that the QPT can affect the 
electrode kinetics, although it might be a minor effect. It is noteworthy that it is not 
straightforward to distinguish QPT and nontunneling proton transfer.70, 75, 76 
22 
 
 
 
 
Figure 3. (a) η vs. log jk diagrams and (b) KH/DHER vs. η diagram of the pcAu in 0.05M H2SO4 in 
D2O/0.05M D2SO4 in D2O. Kinetic current densities (jk) are normalized by ECSA (A cm−2ECSA). All 
data are corrected for ohmic drops (iR correction). Measurements were taken with a scan rate of 
1 mV s−1 and a rotation rate of 2000 rpm. Error bars are shown for every third data point. 
 
 
Finally, in Figure 4, the HER activities and the electrode processes of the pcAu electrode in 0.1M 
KOH in H2O/0.1M KOD in D2O are shown. In this condition, we can observe a clear line in each 
system for widely various overpotentials. The values of the Tafel slopes differ greatly in the two 
systems. In fully protonated and the fully deuterated systems, the Tafel slopes (b) are, respectively, 
101.7 ± 0.2 mV/dec and 135.2 ± 0.6 mV/dec (Figure 4a). From Eq. 2, we obtain the transfer 
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coefficients in the ordinary hydrogen system and the fully deuterated system respectively as αH = 
0.58 and αD = 0.44. Based on these results, we assigned (s, ν, r) in Eq. 3 as (0, 0, 1), and obtain α 
= β. Therefore the RDS is Step I’. The KH/DHER(η) in this system shows an anomalous behavior. 
The KH/DHER(η) is close to 1 at η = −0.2 V, suggesting that no contribution of proton transfer or 
proton transfer with SC-TST occurs in the RDS. However, KH/DHER(η) increases drastically to > 
13 at η = −0.7 V, which might be interpreted as a sign of the full quantum process (Figure 4b). 
Therefore, in this system, the electrode process can show a transition from a (semi)classical 
process to the quantum process associated with an increase of overpotential. 
 
 
Figure 4. (a) η vs. log jk diagrams and (b) KH/DHER vs. η diagram of the pcAu in 0.1M KOH in 
D2O/0.1M KOD in D2O. Kinetic current densities (jk) are normalized by ECSA (A cm−2ECSA). All 
data are corrected for ohmic drops (iR correction). Measurements were taken with a scan rate of 
1 mV s−1 and a rotation rate of 2000 rpm. Error bars are shown for every third data point. 
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4.2. Summary of Quantum Proton Tunneling in Hydrogen Evolution Electrode Process 
The key results in hydrogen evolution electrode processes are presented in Table 1. The results 
show that, beside the pcPt electrode in the alkaline condition, the KH/D values suggest there are 
fingerprints of possible quantum effects in proton transfer in the other three systems. Especially, 
the most interesting system among these three is the pcAu electrode in the alkaline condition 
because of the observation of classical-to-quantum transition of proton transfer on increasing 
overpotential: In this system, proton transfer is negligible initially because KH/D is close to 1 at η 
= −0.2 V. However, its value increases drastically to > 13 at η = −0.7 V, suggesting domination of 
QPT, i.e. a full QPT path. We note that the maximum KH/D at 298 K without tunneling is predicted 
from 10 to 13 depended on a selection of models,69, 70, 75, 77 therefore KH/D > 10 regarded as a 
manifestation of a full QPT path. 
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Table 1. Key kinetic values and analysis for HER on pcPt and pcAu 
Electrode Condition α RDS −log j0 (A cm−2ECSA) KH/D 
pcPt 
0.05M H2SO4 in H2O 2 Step III 2.66 
ca. 1.8 
η dependent 
negligible QPT 0.05M D2SO4 in D2O 2 Step III 2.88 
0.1M KOH in H2O 0.86 Step II’* 3.24 
1 
η independent 
no QPT 0.1M KOD in D2O 0.86 Step II’
* 4.07 
pcAu 
0.05M H2SO4 in H2O 0.72 Step I 5.73 
3 
η independent 
weak QPT 0.05M D2SO4 in D2O 0.72 Step I 6.21 
0.1M KOH in H2O 0.58 Step I’ 7.15 
1 to > 13 
η dependent 
classical-to-quantum 
transition 
0.1M KOD in D2O 0.44 Step I’ 7.55 
*Because of KH/D = 1, the RDS is the electron transfer step in Step II’. 
 
A key factor for a full QPT path in the system is the large difference of αH and αD as shown in 
Eq. 4. Because data related to H* bond and the activation barrier for Step I’ in the corresponding 
system remain insufficient, it is difficult to conduct a quantitative analysis. However, qualitatively, 
the difference of α (=  
𝑠
𝜈
+  𝛽) in the H and D systems suggests that the harmonic approximation 
and/or ignorance of microscopic interactions (i.e. the multicomponent interaction term ΣO(ηx) in 
section 3.2) would not be suitable approaches to consider electrochemical systems found to have 
significant quantum effects on proton transfer. In the classical framework, we assume that the 
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symmetry factor is β = 0.5 because of the harmonic approximation and no microscopic 
interactions (i.e. ΣO(ηx) = 0). However, a wide spectrum of interactions exists between electrified 
surface effects, adsorbed species, and solvents. Therefore, the present results indicate that the 
theoretical framework to consider the QPT in electrode process should be constructed with careful 
selection of interactions and an addition of anharmonicities in the reaction scheme (Figure 5). 
Recent results of surface enhanced infrared spectrometry (SEIRAS) on Au electrode surfaces 
present a primitive picture at a microscopic level of Step I’.78-81 The applied potential below the 
potential of zero charge (PZC) of an Au electrode surface suggests that the orientation of water 
molecules can be inferred as organized with the two hydrogen atoms slightly closer to the 
electrode surface than the oxygen atom (Figure 5a). Furthermore, we should incorporate effects 
of the surface reconstruction in the case of Au electrodes.82, 83 As demonstrated in previous works, 
the first monolayer of an Au surface will be developed as associated with potential change.83-85 
For example, in the case of an application of negative potential to the most thermodynamically 
stable Au (111) surface, the Au(111)-(1×1) phase transitions to the Au(111)-(23×√3) uniaxial 
striped phase. This fact indicates that the surface phase of Au electrode will be developed on 
changing the electrode potential. Recent reports suggest that a lattice strain can have a strong 
effect on electrocatalytic activity.86, 87 Therefore not only anharmonicities and microscopic 
interactions but also surface structure evolution might be important to account for. Of course, 
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these different effects mutually interact to change the activation barrier on applying potential 
(Figures 5b and 5c). Last but not least, a recent report of a study using an Au electrode describes 
a large difference of the transfer coefficients between protonated and deuterated systems.88 
Reportedly, the RDS corresponding to this system is a proton-coupled electron transfer. Their 
experimentally obtained results were well fitted with a model considering contributions from 
excited electron–proton vibrionic states,89 which are affected by isotopes and by changing 
potential. Although HER is the simplest multi-electron/-proton transfer electrode process, the 
system complexity increases enormously if one tries to ascertain the quantum effects in its 
microscopic mechanism. 
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Figure 5. (a) Schematic illustration for the Step I’ (H2O + e− + * → H* + OH−) on an Au electrode 
with a possible microscopic mechanism. Water molecule in an alkaline condition is postulated to be 
adsorbed onto an Au electrode with the same configuration as that of an acidic condition obtained by 
SEIRAS.79, 81 The proton source of HER in alkaline condition is water molecule. Therefore, the 
adsorbed water molecule is assumed to contribute to Step I’. Hypothetical reaction coordinates (b) at 
low η and (c) at high η are based on the KIE results. The different peak positions in the protonated 
and deuterated systems are attributable to different symmetry factors (βH = 0.58 and βD = 0.44). The 
Brønsted–Evans–Polanyi relation with these symmetry factors predicts that the barrier height in the 
protonated system should be decreased greatly from low to high η compared to that of the deuterated 
system. Therefore, to produce a full QPT path and a large KH/D at a high η, the barrier width in the 
protonated system is predicted to become sufficiently thin on increasing η to increase the tunneling 
probability. 
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4.3. Quantum Proton Tunneling in Oxygen Reduction Electrode Process 
To date, QPT in ORR was observed in the case of pcPt in an alkaline condition (Figure 6).58 In 
this case, QPT was confirmed in a low overpotential region because of KH/D = 32, but the QPT 
transitions to a SC-TST scheme (KH/D = 3.7). Therefore, a quantum-to-classical transition of 
proton transfer in ORR (Figure 6a) was confirmed using theoretical analysis (Figure 6b). The 
QPT fingerprint was indicated by a large KH/D > 13 in the low overpotential region: The maximum 
KH/D for the O–H bond breaking in semiclassical frameworks is ca. 13 at 298 K, accounting for 
the change in the activation barriers because of differences in zero-point energies attributable to 
different vibrations in O–H and O–D.77 In addition to this, it is noteworthy that, although different 
adsorption energies of OH/OD species on Pt surface can cause differences in zero-point energies 
or another reaction path,90, 91 the difference of the OH/OD adsorption energies in the system is 1.2 
kJ mol−1, which is too small to affect the reaction. In this study, a primitive but robust model was 
applied to analyze this observation by approximating the barrier by an asymmetric Eckart’s one-
dimensional potential energy function.92, 93 Furthermore, the Brønsted–Evans–Polanyi relation 
was used to describe linear variations in the height of the activation barrier with the reaction 
energy on potential changing.94-96 Although the barrier height for the corresponding reaction is 
under debate to the present day, the values from several report showing around 0.7–0.8 eV well 
agree with our observation.97, 98 Furthermore, the barrier width was selected as 0.3 Å because the 
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widths, corresponding to hydrogen bonds between intermediate species such O2* and O* are 
0.25–0.35 Å. With this quite primitive model, QPT can be shown as possible. Also, a quantum-
to-classical transition exists when increasing the overpotential (Figures 6b and 6c). 
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Figure 6. (a) η vs. log KH/DORR diagram of the pcPt in 0.1M KOH in D2O/0.1M KOD in D2O, and 
(b) theoretical log KH/DORR vs. reaction exothermicity parameter (ΔV) diagram. The proton transfer 
barriers at equilibrium (B) were referred from earlier reports. (c) Schematic diagrams for two 
possible schemes of the proton-transfer reaction: proton transfer via SC-TST and QPT. The relative 
contributions of the two mechanisms can be tuned on changing electrode potential. Figures reprinted 
with permission from [Phys. Rev. Lett., 121, 236001, (2018)] Copyright (2019) by the American 
Physical Society. 
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In the case of pcPt in an acidic condition (Figure 7), no QPT was observed. Our experimentally 
obtained result for KH/D was almost identical to the result obtained by Yeager and his co-workers,57 
who conducted the same measurement and analysis for pcPt in a different acid (85% H3PO4). In 
our case, the results showed that KH/D = 1.5, with KH/D = 1.4 found for Yeager’s case, from which 
it was concluded that the contribution of proton transfer is negligible: therefore the RDS is the 
electron transfer process. This earlier report presented that conclusion because they conducted 
their experiments for the protonated system at 298 K, but for the deuterated system at 303 K. This 
report claims that KH/D = 1.4 is the result of the 5 K difference, which engenders an increase in 
the rate constant in the deuterated system by about 30% compared to the protonated system. 
Furthermore, the K-H theory supports Yeager’s conclusion because this theory predicts that the 
minimum KH/D is about 2.70 It should be emphasized that Yeager’s study measured ORR in 85% 
H3PO4/D3PO4 systems. It is therefore a different acidic system from that examined in the present 
study. Also, they did not incorporate consideration of the different solubility of O2 in the 
protonated/deuterated systems at different temperatures. From these points obtained from a huge 
number of experimental ORR studies, it is believed that the RDS of ORR on a Pt surface in an 
acidic condition is related to the first electron transfer to dioxygen without association of proton 
transfer,99, 100 which leads to KH/D = 1–2 owing to the K-H picture. However, from several 
experimental studies, the RDS of ORR on Pt in acidic condition is the first proton-coupled 
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electron transfer, i.e. a proton transfer is included in the RDS.101-104 Therefore, results showing 
KH/D = ca. 1.5 can makes it difficult to conclude what is the RDS. Although continuous ongoing 
efforts are made for understanding the microscopic mechanism of ORR, there are always updates 
in the field.105-117 Demands persist for both experimental and computational approaches to clarify 
the microscopic electrode process of this reaction.118, 119 
 
 
Figure 7. η vs. log jk diagrams of the pcPt in 0.05M H2SO4 in D2O/0.05M D2SO4 in D2O. Kinetic 
current densities (jk) are normalized by ECSA (A cm−2ECSA). All data are corrected for ohmic drops 
(iR correction). Measurements were taken with a scan rate of 50 mV s−1 and a rotation rate of 2000 
rpm. Error bars are shown for every third data point. 
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5. Conclusions 
To observe QPT in multi-electron/-proton transfer electrode processes and to give fundamental 
interpretations of these observations at a microscopic level, we have established basic analytical 
equations and have prepared detailed experimental procedures to investigate quantum effects in 
electrode processes with the aid of kinetic isotope effects. Based on these approaches, we studied 
QPT in HER and ORR as model processes. The results have led to the following main 
conclusions: 
 
(1) With the appropriate experimental procedures and equations, we can observe and analyze 
quantum effects in electrode processes. Results from this study indicate that QPT in electrode 
processes is not a rare phenomenon. This quantum process can be combined often with a SC-TST 
path. However, a full QPT process is apparently non-trivial. 
 
(2) In our study, a full QPT in HER can be observed in only one condition: pcAu electrode in the 
alkaline condition at a high overpotential. Actually, QPT can be observed under other conditions, 
but they might be combined with the TST path. Under some conditions, no QPT was observed. 
 
(3) The strong quantum effect in HER with pcAu electrode in the alkaline condition is attributable 
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to a huge difference of the symmetry factors between fully deuterated and protonated systems. 
The RDS is inferred as the first proton-coupled electron transfer for both the systems. The reason 
for the different symmetry factors might be a sum of several microscopic effects at the 
electrode/electrolyte interface, such as anharmonicities in the potential energy surface and/or 
changing adsorption energies of reaction intermediates because of surface reconstruction. 
 
(4) The ORR using pcPt electrode in the alkaline condition shows a full QPT in a low 
overpotential region but no QPT in an acidic condition, at least in the overpotential range in this 
report. 
 
(5) Many different forms of QPT are involved in electrode processes, such as the classical (SC-
TST) to a full quantum scheme associated with an increase of overpotential (the HER on pcAu in 
the 0.1M KOH condition), and a full quantum to the classical scheme (the ORR on pcPt in the 
0.1M KOH condition). At this stage, it is a challenge to give molecular-level interpretations to 
these QPT electrode processes because of the participation of many complicated effects. However, 
the different microscopic proton transfer mechanisms, i.e. proton transfer from hydronium ion or 
water molecule, might be a key to elucidating the full QPT path. 
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Overall, the experimental methods and equations presented herein enable QPT to be observed and 
analyzed in two model electrode processes, and provide primitive microscopic views of its 
mechanisms on electrolyte/electrode interfaces associated with quantum effects. To date, it is 
difficult to give fine molecular-level interpretations to observed results because it is unclear which 
effects are effectively contributing to the emergence of QPT in electrode processes. To 
comprehend the full microscopic picture of these complicated systems, it is necessary to continue 
integrating experimental and theoretical works to clarify these systems using state-of-the-art 
knowledge from physics and chemistry. 
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Appendix 1. Fundamental Meanings of Key Electrochemical Parameters: Symmetry Factor, 
Transfer Coefficient, and Stoichiometric Number 
Symmetry Factor: 
Symmetry factor (β) is related to the gradients of a potential energy surface for the representative 
points of a reactant and product. β concerns only a single charge transfer step. It is usually close 
to 0.5. Details of β depend on a selection of the theoretical framework. However, the core meaning 
of β is regarded as a coefficient to control the transfer of electrical to chemical energies.66, 120, 121 
Starting from this point, for example, Hush saw β as a fractional charge on a reacting ion in a 
transition state.20 Marcus regarded this coefficient as a potential-dependent term dependent on 
reorganizations of solvents.21 
 
Transfer Coefficient: 
In contrast to β, which is in a pure single charge transfer process, a transfer coefficient (α) reflects 
a result of a series of electrode processes. Parsons analyzed α instead of β theoretically to analyze 
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a RDS in multistep electrochemical reactions.61 The unified view of α is still under debate, 
especially on the possibility of more than one electron transfer at a single RDS (e.g. r ≥ 2). 
However, we use Eq. 3 with r = 1 because one electron transfer is the highest probability from 
the point of a wide spectrum of theories. 
 
Stoichiometric Number: 
A stoichiometric number (ν) is an indicator to know how many times the RDS takes place for the 
overall reaction to occur once.66 It was introduced by Horiuti and Ikushima in 1939.122 
 
Appendix 2. Derivation of Key Equations 
Derivation of Eq. 4: 
KH/DHER(η) = 
𝑘H(𝜂)
𝑘D (𝜂)
 = 
𝑗0
H
𝑗0
D ×
[D+]
[H+]
× exp {
(𝛼D−𝛼H)𝐹𝜂
𝑅𝑇
} 
∵ j0 = 𝑛𝐹[X]𝑘0  (X = H
+ or D+), jk,HER = 𝑛𝐹[H+]𝑘0
Hexp {
−𝛼H𝐹𝜂
𝑅𝑇
}, 
and jk,DER = 𝑛𝐹[D+]𝑘0
Dexp {
−𝛼D𝐹𝜂
𝑅𝑇
}. 
 
Derivation of Eq. 5: 
KH/DORR (η) = 
𝑘H(𝜂)
𝑘D (𝜂)
 = 
𝑗0
H
𝑗0
D ×
𝐶0
D
𝐶0
H × exp {
(𝛼D−𝛼H)𝐹𝜂
𝑅𝑇
}  
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∵ 𝑗0,ORR
H  = 𝑛𝑘0
H𝐶0
Hexp {
−𝛼H𝐹𝜂
𝑅𝑇
} and 𝑗0,ORR
D  = 𝑛𝑘0
D𝐶0
Dexp {
−𝛼D𝐹𝜂
𝑅𝑇
}. 
 
 
References 
1. E. Merzbacher, Physics Today, 2002, 55, 44-50. 
2. F. Hund, Zeitschrift für Physik, 1927, 43, 805-826. 
3. R. P. Bell, Proceedings of the Royal Society of London. Series A - Mathematical and 
Physical Sciences, 1936, 154, 414-429. 
4. R. P. Bell, Transactions of the Faraday Society, 1959, 55, 1-4. 
5. Y. Cha, C. Murray and J. Klinman, Science, 1989, 243, 1325-1330. 
6. A. Kohen and J. P. Klinman, Accounts of Chemical Research, 1998, 31, 397-404. 
7. P. R. Schreiner, H. P. Reisenauer, D. Ley, D. Gerbig, C.-H. Wu and W. D. Allen, Science, 
2011, 332, 1300-1303. 
8. J. P. Klinman and A. R. Offenbacher, Accounts of Chemical Research, 2018, 51, 1966-
1974. 
9. L. Esaki, Physical Review, 1958, 109, 603-604. 
10. G. Binnig and H. Rohrer, Helvetica Physica Acta, 1982, 55, 726. 
11. R. W. Gurney, Proceedings of the Royal Society of London. Series A, Containing Papers 
of a Mathematical and Physical Character, 1931, 134, 137-154. 
12. J. A. V. Butler, Proceedings of the Royal Society of London. Series A - Mathematical and 
Physical Sciences, 1936, 157, 423-433. 
13. C. E. H. Bawn and G. Ogden, Transactions of the Faraday Society, 1934, 30, 432-443. 
14. S. G. Christov, Zeitschrift für Elektrochemie, Berichte der Bunsengesellschaft für 
physikalische Chemie, 1958, 62, 567-581. 
15. A. J. Appleby, J. O. M. Bockris, R. K. Sen and B. E. Conway, Quantum Mechanical 
Model for Electronic Charge Transfer at Interfaces, Butterworths, UK, 1973. 
16. J. O. M. Bockris and S. U. Khan, Quantum Electrochemistry, Plenum Press, USA, 1979. 
17. W. F. Libby, The Journal of Physical Chemistry, 1952, 56, 863-868. 
18. J. Weiss, Proceedings of the Royal Society of London. Series A. Mathematical and 
Physical Sciences, 1954, 222, 128-141. 
19. R. A. Marcus, The Journal of Chemical Physics, 1956, 24, 966-978. 
20. N. S. Hush, The Journal of Chemical Physics, 1958, 28, 962-972. 
40 
 
21. R. A. Marcus, Canadian Journal of Chemistry, 1959, 37, 155-163. 
22. R. A. Marcus, Discussions of the Faraday Society, 1960, 29, 21-31. 
23. V. G. Levich and R. Dogonadze, Dokl. Akad. Nauk. SSSR, 1959, 124, 123. 
24. R. Dogonadze and A. Kuznetsov, Electrokhimiya, 1967, 3, 1324. 
25. R. Dogonadze, A. Kuznetsov and V. G. Levich, Electrokhimiya, 1967, 3, 739. 
26. A. M. Kuznetsov and J. Ulstrup, Canadian Journal of Chemistry, 1999, 77, 1085-1096. 
27. C. Costentin, M. Robert and J.-M. Savéant, Journal of Electroanalytical Chemistry, 2006, 
588, 197-206. 
28. L. I. Krishtalik, Faraday Discussions of the Chemical Society, 1982, 74, 205-213. 
29. D. M. Newns, Physical Review, 1969, 178, 1123-1135. 
30. T. Iwasita, W. Schmickler and J. W. Schultze, Berichte der Bunsengesellschaft für 
physikalische Chemie, 1985, 89, 138-142. 
31. W. Schmickler, Journal of Electroanalytical Chemistry and Interfacial Electrochemistry, 
1986, 204, 31-43. 
32. A. Soudackov and S. Hammes-Schiffer, The Journal of Chemical Physics, 1999, 111, 
4672-4687. 
33. A. Soudackov and S. Hammes-Schiffer, The Journal of Chemical Physics, 2000, 113, 
2385-2396. 
34. D. Marx and M. Parrinello, Zeitschrift für Physik B Condensed Matter, 1994, 95, 143-
144. 
35. M. Benoit, D. Marx and M. Parrinello, Nature, 1998, 392, 258-261. 
36. M. Shiga, M. Tachikawa and S. Miura, Chemical Physics Letters, 2000, 332, 396-402. 
37. M. E. Tuckerman and D. Marx, Physical Review Letters, 2001, 86, 4946-4949. 
38. J. A. Morrone and R. Car, Physical Review Letters, 2008, 101, 017801. 
39. C. Drechsel-Grau and D. Marx, Physical Review Letters, 2014, 112, 148302. 
40. M. Melander, ChemRxiv, 2019, DOI: https://doi.org/10.26434/chemrxiv.8068193.v2. 
41. B. Post and C. F. Hiskey, Journal of the American Chemical Society, 1951, 73, 161-164. 
42. B. E. Conway, J. O. M. Bockris and H. Linton, The Journal of Chemical Physics, 1956, 
24, 834-850. 
43. B. E. Conway, Canadian Journal of Chemistry, 1959, 37, 178-189. 
44. B. E. Conway, Proceedings of the Royal Society of London. Series A. Mathematical and 
Physical Sciences, 1960, 256, 128-144. 
45. S. G. Christov, Zeitschrift für Elektrochemie, Berichte der Bunsengesellschaft für 
physikalische Chemie, 1960, 64, 840-848. 
46. S. G. Christov, zpch, 1960, 214O, 40. 
47. S. G. Christov, Electrochimica Acta, 1964, 9, 575-585. 
41 
 
48. A. T. Kuhn and M. Byrne, Electrochimica Acta, 1971, 16, 391-399. 
49. M. Faraday, Philosophical Transactions of the Royal Society of London, 1832, 122, 125-
162. 
50. Y. Tokura and N. Nagaosa, Nature Communications, 2018, 9, 3740. 
51. K. Hirota and J. Horiuti, Scientific Papers of the Institute of Physical and Chemical 
Research, 1936, 30, 151-168. 
52. E. C. M. Tse, J. A. Varnell, T. T. H. Hoang and A. A. Gewirth, The Journal of Physical 
Chemistry Letters, 2016, 7, 3542-3547. 
53. D. Malko and A. Kucernak, Electrochemistry Communications, 2017, 83, 67-71. 
54. K. Sakaushi, M. Eckardt, A. Lyalin, T. Taketsugu, R. J. Behm and K. Uosaki, ACS 
Catalysis, 2018, 8, 8162-8176. 
55. M. Eckardt, K. Sakaushi, A. Lyalin, M. Wassner, N. Hüsing, T. Taketsugu and R. J. Behm, 
Electrochimica Acta, 2019, 299, 736-748. 
56. J. Clavilier, R. Faure, G. Guinet and R. Durand, Journal of Electroanalytical Chemistry 
and Interfacial Electrochemistry, 1980, 107, 205-209. 
57. M. M. Ghoneim, S. Clouser and E. Yeager, Journal of The Electrochemical Society, 1985, 
132, 1160-1162. 
58. K. Sakaushi, A. Lyalin, T. Taketsugu and K. Uosaki, Physical Review Letters, 2018, 121, 
236001. 
59. K. Sakaushi, arXiv preprint arXiv:1904.11672, 2019, submitted. 
60. S. Trasatti and O. A. Petrii, Pure and Applied Chemistry, 1991, 63, 711. 
61. R. Parsons, Transactions of the Faraday Society, 1951, 47, 1332-1344. 
62. J. Tafel, zpch, 1900, 34U, 187. 
63. B. E. Conway and B. V. Tilak, Electrochimica Acta, 2002, 47, 3571-3594. 
64. B. E. Conway, in Interfacial Electrochemistry: Theory, Experiment, and Applications, ed. 
A. Wieckowski, Marcel Dekker, USA, 1999, ch. 9, pp. 131-150. 
65. L. I. Krishtalik, Electrochimica Acta, 2001, 46, 2949-2960. 
66. J. O. M. Bockris and A. K. N. Reddy, Modern Electrochemistry: An Introduction to an 
interdisciplinary area, Plenum Press, 1970. 
67. H. Kita, Journal of The Electrochemical Society, 1966, 113, 1095-1111. 
68. N. M. Marković, B. N. Grgur and P. N. Ross, The Journal of Physical Chemistry B, 1997, 
101, 5405-5413. 
69. F. H. Westheimer, Chemical Reviews, 1961, 61, 265-273. 
70. P. M. Kiefer and J. T. Hynes, The Journal of Physical Chemistry A, 2003, 107, 9022-
9039. 
71. B. E. Conway and L. Bai, Journal of Electroanalytical Chemistry and Interfacial 
42 
 
Electrochemistry, 1986, 198, 149-175. 
72. N. M. Markovića, S. T. Sarraf, H. A. Gasteiger and P. N. Ross, Journal of the Chemical 
Society, Faraday Transactions, 1996, 92, 3719-3725. 
73. E. Santos, P. Quaino and W. Schmickler, Physical Chemistry Chemical Physics, 2012, 
14, 11224-11233. 
74. M. T. M. Koper, Journal of Solid State Electrochemistry, 2013, 17, 339-344. 
75. P. M. Kiefer and J. T. Hynes, The Journal of Physical Chemistry A, 2004, 108, 11793-
11808. 
76. P. M. Kiefer and J. T. Hynes, The Journal of Physical Chemistry A, 2004, 108, 11809-
11818. 
77. R. P. Bell, The tunnel effect in chemistry, Chapman and Hall, 1980. 
78. M. Osawa, K.-i. Ataka, K. Yoshii and T. Yotsuyanagi, Journal of Electron Spectroscopy 
and Related Phenomena, 1993, 64-65, 371-379. 
79. K.-i. Ataka, T. Yotsuyanagi and M. Osawa, The Journal of Physical Chemistry, 1996, 
100, 10664-10672. 
80. O. Masatoshi, Bulletin of the Chemical Society of Japan, 1997, 70, 2861-2880. 
81. K.-i. Ataka and M. Osawa, Langmuir, 1998, 14, 951-959. 
82. D. M. Kolb and J. Schneider, Electrochimica Acta, 1986, 31, 929-936. 
83. D. M. Kolb, Progress in Surface Science, 1996, 51, 109-173. 
84. B. M. Ocko, J. Wang, A. Davenport and H. Isaacs, Physical Review Letters, 1990, 65, 
1466-1469. 
85. J. Wang, B. M. Ocko, A. J. Davenport and H. S. Isaacs, Physical Review B, 1992, 46, 
10321-10338. 
86. P. Strasser, S. Koh, T. Anniyev, J. Greeley, K. More, C. Yu, Z. Liu, S. Kaya, D. Nordlund, 
H. Ogasawara, M. F. Toney and A. Nilsson, Nature Chemistry, 2010, 2, 454. 
87. M. Escudero-Escribano, P. Malacrida, M. H. Hansen, U. G. Vej-Hansen, A. Velázquez-
Palenzuela, V. Tripkovic, J. Schiøtz, J. Rossmeisl, I. E. L. Stephens and I. Chorkendorff, 
Science, 2016, 352, 73-76. 
88. M. N. Jackson and Y. Surendranath, Journal of the American Chemical Society, 2016, 
138, 3228-3234. 
89. Z. K. Goldsmith, Y. C. Lam, A. V. Soudackov and S. Hammes-Schiffer, Journal of the 
American Chemical Society, 2019, 141, 1084-1090. 
90. J. K. Nørskov, J. Rossmeisl, A. Logadottir, L. Lindqvist, J. R. Kitchin, T. Bligaard and 
H. Jónsson, The Journal of Physical Chemistry B, 2004, 108, 17886-17892. 
91. E. M. Karp, C. T. Campbell, F. Studt, F. Abild-Pedersen and J. K. Nørskov, The Journal 
of Physical Chemistry C, 2012, 116, 25772-25776. 
43 
 
92. R. J. Le Roy, E. D. Sprague and F. Williams, The Journal of Physical Chemistry, 1972, 
76, 546-551. 
93. R. J. Le Roy, H. Murai and F. Williams, Journal of the American Chemical Society, 1980, 
102, 2325-2334. 
94. J. N. Bronsted, Chemical Reviews, 1928, 5, 231-338. 
95. M. G. Evans and M. Polanyi, Transactions of the Faraday Society, 1938, 34, 11-24. 
96. A. Logadottir, T. H. Rod, J. K. Nørskov, B. Hammer, S. Dahl and C. J. H. Jacobsen, 
Journal of Catalysis, 2001, 197, 229-231. 
97. M. J. Janik, C. D. Taylor and M. Neurock, Journal of The Electrochemical Society, 2009, 
156, B126-B135. 
98. N. Bonnet, M. Otani and O. Sugino, The Journal of Physical Chemistry C, 2014, 118, 
13638-13643. 
99. M. Tarasevich, A. Sadkowski and E. Yeager, in Comprehensive treatise of 
electrochemistry, Springer, 1983, pp. 301-398. 
100. R. Adzic, in Electrocatalysis, eds. J. Lipkowski and P. N. Ross, Wiley-VCH, USA, 1998, 
vol. 197, pp. 197-242. 
101. A. Damjanovic and V. Brusic, Electrochimica Acta, 1967, 12, 615-628. 
102. A. Damjanovic, D. B. Sepa and M. V. Vojnovic, Electrochimica Acta, 1979, 24, 887-889. 
103. D. B. Sepa, M. V. Vojnovic and A. Damjanovic, Electrochimica Acta, 1981, 26, 781-793. 
104. D. B. Sepa, M. V. Vojnovic, L. M. Vracar and A. Damjanovic, Electrochimica Acta, 1987, 
32, 129-134. 
105. A. B. Anderson and T. V. Albu, Electrochemistry Communications, 1999, 1, 203-206. 
106. M. Otani and O. Sugino, Physical Review B, 2006, 73, 115407. 
107. M. Otani, I. Hamada, O. Sugino, Y. Morikawa, Y. Okamoto and T. Ikeshoji, Journal of 
the Physical Society of Japan, 2008, 77, 024802-024802. 
108. S. Schnur and A. Groß, Catalysis Today, 2011, 165, 129-137. 
109. A. B. Anderson, Physical Chemistry Chemical Physics, 2012, 14, 1330-1338. 
110. G.-L. Chai, Z. Hou, D.-J. Shu, T. Ikeda and K. Terakura, Journal of the American 
Chemical Society, 2014, 136, 13629-13640. 
111. K. Sakaushi, T.-P. Fellinger and M. Antonietti, ChemSusChem, 2015, 8, 1156-1160. 
112. K. Sakaushi, S. J. Yang, T. P. Fellinger and M. Antonietti, Journal of Materials Chemistry 
A, 2015, 3, 11720-11724. 
113. K. Sakaushi and M. Antonietti, Accounts of Chemical Research, 2015, 48, 1591-1600. 
114. K. Sakaushi and M. Antonietti, Bulletin of the Chemical Society of Japan, 2015, 88, 386-
398. 
115. K. Sakaushi and K. Uosaki, ChemNanoMat, 2016, 2, 99-103. 
44 
 
116. K. Sakaushi, A. Lyalin, S. Tominaka, T. Taketsugu and K. Uosaki, ACS Nano, 2017, 11, 
1770-1779. 
117. A. M. Gómez-Marín and J. M. Feliu, Current Opinion in Electrochemistry, 2018, 9, 166-
172. 
118. W. Schmickler and S. Trasatti, Journal of The Electrochemical Society, 2006, 153, L31-
L32. 
119. O. M. Magnussen and A. Groß, Journal of the American Chemical Society, 2019, 141, 
4777-4790. 
120. J. A. V. Butler, Transactions of the Faraday Society, 1924, 19, 729-733. 
121. J. A. V. Butler, Transactions of the Faraday Society, 1924, 19, 734-739. 
122. J. Horiuti and M. Ikusima, Proceedings of the Imperial Academy, 1939, 15, 39-44. 
 
